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Abstract
Caenorhabditis elegans has two genes, unc-59 and unc-61, encoding septin-family GTPases. Mutations in the septin genes cause defects
in locomotory behavior that have been previously attributed to cytokinesis failures in postembryonic neuroblasts. We find that mutations
in either septin gene frequently cause uncoordination in newly hatched larvae in the absence of cytokinesis failures. The septins exhibit
developmentally regulated expression, including expression in various neurons at times when processes are extending and synapses are
forming. Motor neurons in the mutant larvae display defects in multiple aspects of axonal migration and guidance that are likely to be
responsible for the locomotory behavior defects. The septins are also expressed in migrating distal tip cells, which are leaders for gonad arm
extension. Septin mutants affect morphology of the distal tip cells, as well as their migration and guidance during gonadogenesis. These
results suggest that septins may be generally required for developmental migrations and pathfinding.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
1Septins are a family of cytosolic GTPases that are found
in fungi and animals. The most conserved region of the
septins is the central GTPase domain (Longtine et al., 1996),
which is adjacent to a polybasic region that binds to
polyphosphotidylinositol lipids (Zhang et al., 1999). The
amino termini of septins are not conserved; however, most
septins contain regions of predicted coiled-coil at their car-
boxyl termini (Longtine et al., 1996), which are important
for septin assembly into heteromeric complexes with other
septins (Sheffield et al., 2003). Septins are isolated from
yeast, Drosophila embryos, or mammalian tissues as het-
eromeric complexes with other septins that can assemble
into filaments in vitro (Field and Kellogg, 1999). Although
septins have been hypothesized to be a novel cytoskeletal
element, this is controversial (Field and Kellogg, 1999). The
septins are more homologous to ras-superfamily signaling
GTPases than to other GTPases (Field and Kellogg, 1999),
and the assembly of septins into filaments is not required for
all septin functions in yeast (Frazier et al., 1998).
Although septins are required for cytokinesis in fungi
and animals (Field and Kellogg, 1999; Longtine et al.,
1996), septins are also highly expressed in nonmitotic cells
such as those of the mammalian and Drosophila nervous
systems (Longtine et al., 1996), suggesting that they have
additional, uncharacterized functions. Drosophila have five
septins (Field and Kellogg, 1999); however, mutations are
available for only one septin, pnut (Adam et al., 2000;
Neufeld and Rubin, 1994). Mutations in pnut cause defec-
tive cellularization of the Drosophila syncytial blastoderm,
resulting in embryonic lethality (Adam et al., 2000) or
defective imaginal disc cytokineses, resulting in pupal le-
thality (Neufeld and Rubin, 1994). The mammalian septins
are an even more extensive family, with 10 septin genes
together with their splice variants (Macara et al., 2002).
Homozygous null mice were recently generated for the
septin gene SEPT5 (CDCrel-1). In wild-type mice, this
septin displays increasing expression during postembryonic
development in brain neurons, peaking at the time of max-
imal synaptogenesis. Surprisingly, no neuronal phenotypes
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were seen in the null mutants, presumably due to the ob-
served compensatory changes seen in the expression levels
of other septins (Peng et al., 2002).
The only two C. elegans septins, UNC-59 and UNC-61
were recently cloned, and found to be dispensable for em-
bryonic cytokineses (Nguyen et al., 2000). The abnormal
locomotory behavior that was the basis for the original
isolation of septin mutants as uncoordinated (unc) mutants
(Brenner, 1974) has been attributed to variable cytokinesis
defects in postembryonic cell divisions in ventral nerve cord
neuroblasts (Sulston and Horvitz, 1981; White et al., 1982).
A previous study found axon guidance defects in postem-
bryonic lumbar axons in unc-61(e228) mutants (Siddiqui
and Culotti, 1991); however, the neurons analyzed in that
study are born postembryonically, and therefore may be
subject to postembryonic lineage defects in the septin mu-
tants (Sulston and Horvitz, 1981). As C. elegans septins are
not required for embryonic cell divisions (Nguyen et al.,
2000; Sulston and Horvitz, 1981), we investigated whether
they might be required for other aspects of embryonic ner-
vous system development. The data presented here suggest
that septins play a crucial role in axon guidance and migra-
tion during C. elegans embryogenesis. Many gene products
required for axonal migration are also required for the
migration of distal tip cells (Hedgecock et al., 1987), which
are leaders for elongation of the gonad arms (Kimble and
White, 1981; Lehmann, 2001). The septins are also required
during gonadogenesis for normal distal tip cell migration
and pathfinding, suggesting that the septins may be gener-
ally required for migratory processes in development.
Materials and methods
Nematodes were cultured by using standard techniques
(Brenner, 1974). All strains used in this study were derived
from the Bristol strain N2. The following septin mutant
alleles were used: LG1: unc-59(e261) and unc-59(e1005);
LGV: unc-61(e228) and unc-61(n3169). All of these septin
mutant alleles behave as recessive loss-of-function muta-
tions. Both unc-59 mutant alleles contain the missense mu-
tation G29 R; unc-59(e261) also contains a T-to-C transition
at the 2040th nucleotide after the ATG, located within the
second intron (Nguyen et al., 2000). The unc-61 mutant
alleles both contain premature stop codons. e228 has a base
transition converting an R to a stop at amino acid 156,
which eliminates most of the GTPase domain, while n3169
has a base transition that converts W316 to a stop codon.
Both of the unc-61 mutations were previously characterized
as putative null mutations (Nguyen et al., 2000).
Thrashing assays
For assays on wild-type larvae, 3-fold embryos were
picked to a clean plate and hatched at room temperature.
The larvae were assayed for their thrashing behavior within
3 h of hatching. Hatched L1 animals were placed in M9
buffer in wells of a multiwell slide, and the number of times
each animal thrashed within a 2-min interval was counted
(Licktieg et al., 2001; Miller et al., 1996). Because the
septin mutant worms are defective in laying embryos,
gravid adult hermaphrodites containing late embryos were
dissected in M9 buffer, and the embryos were transferred to
clean plates. L1 animals were then assayed for thrashing
behavior within 3 h of hatching as described for wild-type
larvae. At least 15 L1 larvae of each genotype were assayed.
Ventral cord nuclei counts
Wild-type or septin mutant 3-fold embryos were isolated
and newly hatched larvae were isolated as described above.
Larvae were picked onto subbed slides, freeze-cracked, then
fixed in 100% methanol for 5 min at room temperature.
Samples were rehydrated for 30 min with PBS containing
0.5% bovine serum albumin and 0.5% Tween 20 (PBSBT),
then stained with OliGreen (Molecular Probes, Eugene, OR)
as described (O’Connell et al., 2000). Larvae were observed
by collecting Z-series of images 0.5 m apart using an
MRC-600 laser-scanning confocal microscope (BioRad,
Hercules, CA) equipped with a 60 objective. Ventral cord
nuclei appear as a line of 15 nuclei along the ventral side of
the worm. Nuclei of mutant and wild-type worms were
counted, and the position of the nuclei in the mutants was
compared with that of the wild-type worms. A minimum of
19 worms of each genotype was scored.
Indirect immunofluorescence of late embryos
To isolate wild-type late-stage embryos, plates contain-
ing many embryos were rinsed twice with M9 buffer to float
most of the larvae and adults off the plate. Using a rubber
policeman, embryos were washed from the plate surface in
M9 buffer and pelleted in a microfuge at low speed. After
two more rinses in the M9 buffer, the suspension of em-
bryos was pipetted onto subbed slides, which were freeze-
cracked and fixed as described above. Septin mutant em-
bryos were isolated by dissecting gravid hermaphrodites in
M9 buffer on a subbed slide. The embryos were then freeze-
cracked and fixed as described. After blocking for 30 min in
PBSBT, samples were incubated with primary antisera for
1 h at room temperature. Rabbit UNC-59 affinity-purified
antisera (Nguyen et al., 2000) were diluted 1:50 in PBSBT;
goat UNC-61 affinity-purified antisera (Nguyen et al., 2000)
were diluted 1:100 in PBSBT. Following three 10-min
washes in PBSBT, samples were incubated for 1 h in 1:250
Cy3-conjugated secondary IgG (Jackson Laboratories, Bar
Harbor, ME) in PBSBT. Following three washes in PBSBT,
samples were mounted in Mowiol (Polysciences, Inc., War-
rington, PA). Embryos were visualized by collecting Z-
series of images 0.5 m apart using an MRC-1024 laser-
scanning confocal microscope (BioRad). Images were
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processed by using NIH Image 1.62 and then Adobe Pho-
toshop 6.0.1.
UNC-59::GFP and UNC-61::GFP fusion constructs
and transgenic animals
To make an UNC-59::GFP translational fusion construct,
a 5895-base pair (bp) region of genomic DNA containing
the unc-59 open reading frame W09C5.2 plus 1094 bp
upstream and 763 bp of downstream DNA was amplified
from a single N2 worm (Williams, 1995) by using PfuTurbo
DNA polymerase (Stratagenc, La Jolla, CA). The upstream
primer contained a SpeI restriction site, while the down-
stream primer had a PstI site, both used to clone the result-
ing fragment into the corresponding sites in pBluescript II
SK (Stratagene). Subsequently, a fragment containing the
GFP sequence with artificial C. elegans introns was ampli-
fied from the vector pPD118.33 (Fire lab) with PfuTurbo
DNA polymerase using primers suitable for in frame inser-
tion of the reaction product immediately before the stop
codon of unc-59 using previously described techniques
(Geiser et al., 2001) based on the QuikChange XL Site
Directed Mutagenesis System (Stratagene) to create plasmid
pKK77.
To express GFP under the control of the unc-59 pro-
moter, pKK77 was mutagenized by using the QuikChange
XL Site Directed Mutagenesis System (Geiser et al., 2001)
to excise the unc-59 coding region, creating pKK83.
Because the unc-61 open reading frame is predicted to
have two variants with differing 5 ends (The C. elegans
Sequencing Consortium, 1998), we performed 5 rapid am-
plification of cDNA ends (RACE) on whole worm RNA
using the 5/3 RACE Kit (Roche) according to the manu-
facturer’s directions. RACE results using both general and
splice leader-specific primers revealed only one major spe-
cies of transcript, found using the primer specific to the SL1
leader sequence. Direct sequencing revealed this transcript
has the shorter 5 end of the two predicted, corresponding to
the open reading frame Y50E8A.4b.
To make an UNC-61::GFP translational fusion, a
6348-bp BamHI-ended genomic fragment was amplified by
using similar methods as used for unc-59. The genomic
fragment contains the unc-61 open reading frame open
reading frame Y50E8A.4 in addition to 3336 bp of upstream
DNA, including the entire upstream open reading frame
Y50E8A.5, as well as 664 bp of downstream material. The
fragment was cloned into the BamHI site of pBluescript
SK. We generated an AgeI site immediately before the
stop codon of unc-61 using the QuikChange Site Directed
Mutagenesis Kit (Stratagene). An AgeI-ended GFP with
artificial C. elegans introns was amplified by using Pfu
Turbo from pPD188.33 (A. Fire) using appropriate syn-
thetic primers. The GFP fragment was then inserted into the
generated AgeI site of the unc-61-containing vector to create
pKK84.
Transgenic lines were generated by injection of each
construct at 10 g/ml into N2 worms with 100 g/ml of a
dominant rol-6(su1006) marker (pRF4) (Mello and Fire,
1995). To assess functionality of the translational fusion
constructs, they were injected under identical conditions
into a mutant background, unc-59(e1005) for the unc-59
construct and unc-61(e228) for the unc-61 construct. In all
cases, transmitting lines were created which carried these
constructs as extrachromosomal arrays. Transgenic animals
were anesthetized with 1 mM levamisole (Sigma, St. Louis,
MO), mounted on 3% agarose pads, and observed on the
BioRad MRC600 laser-scanning confocal microscope, gen-
erally using Z-series of 1-m sections. Embryos were ob-
served under similar conditions, but were mounted without
anesthetic. Images were processed by using NIH Image 1.62
and then Adobe Photoshop 6.0.1.
Analysis of synaptic vesicle marker localization
and DD neuron morphology
To observe synaptic vesicles in the septin mutants,
strains NM306: jsIs1[pSB120 (psnb-1::SNB-1::GFP);
pRF4 (rol-6)] and NM1233 jsIS219[pSY3 (sng-1::GFP);
pRF4 (rol-6)] (provided by M. Nonet) were crossed to the
septin mutant strains by using standard genetic techniques
to visualize synaptobrevin and synaptogyrin, respectively.
Synaptogyrin localization was scored in wild type, unc-
59(e261), unc-59(e1005), unc-61(e228), and unc-61(n3169)
backgrounds. Scoring of the synaptobrevin–GFP-express-
ing larvae in multiple blind trials was done to ensure accu-
racy. A total of 21 wild type, 15 unc-61(e228), and 20
unc-61(e228) larvae were scored in this experiment. Scor-
ing was done by comparing a single confocal section
through the dorsal cord of each specimen and confirmed by
the direct observation of the specimen by the experimenter.
Strain EG1285: oxIs12 [unc-47::GFP, lin-15 ()] lin-
15(n765ts) (provided by E. Jorgensen) was crossed to the
septin mutant strains by using standard genetic techniques
to visualize the GABA neurons in the septin mutant back-
grounds. Transgenic animals were anesthetized with 1 mM
levamisole; mounted on 3% agarose pads, and observed on
the BioRad MRC600 laser-scanning confocal microscope
using Z-series of 0.5-m sections. At least 25 animals of
each strain were observed. Images were processed by using
NIH Image 1.62 and then Adobe Photoshop 6.0.1.
Scoring of distal tip cell migration phenotypes
L4 hermaphrodites were grown overnight at 20°C. The
next day, the young adults were mounted on 3% agarose
pads and observed by using a Nikon microscope equipped
with Nomarski differential interference contrast optics and a
60 objective. The migration paths of the distal tip cells
were inferred from the shape of the gonad arms. Fifty
animals of each genotype were scored.
222 F.P. Finger et al. / Developmental Biology 261 (2003) 220–234
Results
Newly hatched septin mutant larvae are uncoordinated
Postembryonic cell divisions in C. elegans do not begin
until approximately 3 h post-hatching (Sulston and Horvitz,
1977). To investigate whether the C. elegans septins might
be required for nervous system development or function, we
observed newly hatched larvae so that embryonic defects
could clearly be distinguished from those that occur due to
postembryonic cytokinesis failures. When worms are placed
in a low-viscosity medium, they exhibit a characteristic
locomotory behavior consisting of a rapid sequence of
thrashes (alternating body bends), which is controlled by the
ventral cord motor neurons (Chalfie and White, 1988). As-
says of the number of times that a worm thrashes in a set
period of time provide a means of quantifying defects in the
locomotory nervous system (Miller et al., 1996). Thrashing
assays on newly hatched larvae (Licktieg et al., 2001) reveal
that approximately 87% of the unc-61(e228) mutant larvae,
75% of unc-61(n3169), 43% of the unc-59(e261), and 39%
of the unc-59(e1005) mutant larvae are uncoordinated com-
pared with wild-type larvae prior to the onset of the first
postembryonic cell divisions (Fig. 1). Wild-type larvae
thrashed an average of 154 times in 2 min (n  21). In
contrast, unc-61(e228) mutants thrashed an average of 56
times (n 18), unc-61 (n3169) mutants thrashed an average
of 59 times (n  36), unc-59(e261) mutants thrashed 92
times (n  23), and unc-59(e1005) mutants thrashed an
average of 84 times (n  36) in 2 min. The unc-59 mutants
exhibited a bimodal distribution in the severity of the un-
coordination in the thrashing assays; some larvae thrashed
at levels similar to wild type, but a significant number of
larvae were severely impaired in this locomotory behavior
(Fig. 1A). In contrast, the unc-61 mutants were almost all
quite uncoordinated (Fig. 1B). We also assayed unc-
59(e261); unc-61(e228) double mutants, and found that this
strain did not display a more severe phenotype than the
unc-61(e228) mutant alone (data not shown). By staining
the nuclei of newly hatched larvae, we observed that the
correct number of ventral cord motor neuron nuclei was
present in all of the septin mutants (data not shown), con-
firming that embryonic cytokinesis defects in ventral cord
motor neurons could not be responsible for the uncoordi-
nated phenotype.
Expression of UNC-59 and UNC-61 in the developing
nervous system
The locomotory defects of the septin mutants could re-
sult from loss of septin function in the body wall muscles,
in the ventral hypodermis (which provides guidance cues
for axonal pathfinding), or in the neurons themselves. To
determine in which of these tissues the septins, which are
cytosolic proteins, are expressed, we characterized the ex-
pression pattern of both septins. Using antisera previously
used for localization of UNC-61 in early embryos (Nguyen
et al., 2000); we localized UNC-61 in embryos of later
developmental stages. We found that UNC-61 was enriched
in the developing nervous system (Fig. 2A–C). In 1.5-fold
embryos, localization to the developing nerve ring (not yet
a complete ring) was apparent, with faint staining also seen
in the ventral cord (Fig. 2A and B). In 3-fold embryos,
enrichment was seen in the now completely ring-shaped
nerve ring, and in some associated neuronal processes (Fig.
2C). Although indirect immunofluorescence with our
UNC-59 antisera showed no enrichment of UNC-59 in the
embryonic nervous system (data not shown), UNC-61 lo-
calization to the developing nerve ring was abolished by
mutations in either septin (Fig. 2D and E). This indicated
that UNC-59 is required for localization of UNC-61 in the
developing nervous system.
To further explore septin expression in the nervous sys-
tem, we created transgenic lines expressing translational
fusions of GFP to the carboxyl termini of UNC-59 or
UNC-61 from extrachromosomal arrays. Both fusion res-
Fig. 1. Newly hatched septin mutant larvae are uncoordinated in the
absence of ventral cord neuron cytokinesis defects. Assays of the number
of times a larva thrashed within 2 min provide a quantitative measure of the
locomotory behavior defects of (A) unc-59 and (B) unc-61 mutant larvae.
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cued the ability of the septin mutants to move backwards.
As forward locomotion is mediated by the nerve ring and
ventral cord, whereas backward locomotion is mediated
solely by the ventral cord (Chalfie et al., 1985), the rescue
of the uncoordinated phenotype of the septin mutants by the
GFP fusion is indicative of the functionality of the GFP
fusions in rescuing the ventral cord defects. Both fusions
also rescued the vulval and egg-laying defects that are the
most penetrant and obvious phenotypes of the septin mu-
tants, and localized to cytokinetic furrows in multicellular
embryos (data not shown), as do both endogenous septins
by indirect immunofluorescence (Nguyen et al., 2000), fur-
ther supporting the functionality of the GFP-tagged septins.
Developmentally regulated expression of UNC-61::GFP
was observed in neuronal cytoplasm in cell bodies and
axons, but was clearly excluded from nuclei (Fig. 3A and
B). UNC-61::GFP was found in two- and three-fold em-
bryos in the developing nerve ring, and in the cell bodies of
the neurons that project into the nerve ring, and the ventral
cord (Fig. 3A), consistent with our indirect immunofluores-
cence localization of UNC-61. In newly hatched larvae,
expression of UNC-61::GFP was seen in the ventral cord
neurons, and this expression was seen again in the second
larval stage (Fig. 3B) at the time when processes are ex-
tending from the neuronal cell bodies following their birth
during the L1 molt (Sulston and Horvitz, 1977). Most neu-
rons, including those of the nerve ring ganglia and the
ventral cord, only expressed UNC-61::GFP transiently in
embryonic and/or early larval stages (Fig. 3A and B).
UNC-59::GFP was expressed in the ventral cord neurons of
larvae late in the first larval stage (Fig. 3C). Postembryonic
neuronal expression of UNC-59::GFP was also quite spe-
cific for each developmental stage; generally, neuronal ex-
pression was seen for a particular neuron at only one de-
velopmental stage, and frequently only for part of the stage
(Fig. 3D and E). We often observed UNC-59::GFP in pro-
cesses and commissures without being able to trace the
process to a neuronal cell body (Fig. 3E), suggesting that
UNC-59::GFP expression could be quite transient. We did
not observe expression of either septin in any other tissues
for which defects might contribute to the uncoordinated
phenotype, suggesting that the septins function in the neu-
Fig. 2. Expression of UNC-61 is seen in the embryonic nervous system by indirect immunofluorescence. (A–E) Anti-UNC-61 immunofluorescence staining
and confocal microscopy of embryos. (A) A single confocal section of a wild type 1.5-fold embryo with UNC-61 localized to the developing nerve ring and
ventral cord. (B) A projection of the same embryo shown in (A), showing the unclosed nerve ring. (C) A projection of a wild type three-fold embryo with
UNC-61 in the nerve ring. UNC-61 localization in the nervous system is not seen in confocal projections of (D) unc-59 (e261) and (E) unc-61(e228) mutants.
Staining seen at the tip of the head is nonspecific. Bar is 10 m.
224 F.P. Finger et al. / Developmental Biology 261 (2003) 220–234
Fig. 3. UNC-61::GFP and UNC-59::GFP expression in the nervous system are developmentally regulated. (A) Confocal section showing UNC-61::GFP
expression in the nerve ring and ring ganglia of a live threefold embryo. UNC-61::GFP can also be seen in the dorsal and ventral cords, and faintly, in a
commissure. Expression is also seen in the pharynx and seam cells at this stage. (B) Projection of a confocal Z-series showing UNC-61::GFP expression in
the ventral cord of an L2 larva. Note the absence of UNC-61::GFP expression in the nerve ring at this stage. (C) Projection of a confocal Z-series showing
UNC-59::GFP expression in ventral cord neurons (vc) in an L2 larva. UNC-59::GFP is particularly enriched between adjacent neurons. (D) In an early L3
larva, UNC-59::GFP expression is observed in an HSN motor neuron (hsn) which innervates the vulval muscles. Adjacent vulval muscle precursors are also
seen to express UNC-59::GFP. (E) UNC-59::GFP expression in the ALM touch neuron (alm) of a late L4 larva. Other neuronal processes are also seen, but
the neurons from which they emanate are not visible with this reporter. Abbreviations: nr, nerve ring; vc, ventral cord; c, commissure; dc, dorsal cord. Bars
are 10 m.
rons. Their expression pattern, including lack of expression
in most neurons in adult worms, suggests that the septins are
likely to play a developmental role in the nervous system.
Septin mutants display defects in multiple aspects of axon
guidance and migration
The uncoordinated phenotype of the newly hatched sep-
tin mutant larvae is consistent with a requirement for the
septins either for normal neuronal development or function,
or for both. In cultured mammalian cells, septins have been
shown to regulate evoked secretion (Beites et al., 1999), and
they have also been implicated in polarized vesicular trans-
port (Hsu et al., 1998). To address whether the locomotory
defects of the septin mutants were explicable by defective
synaptic vesicle polarized transport or exocytosis, we ex-
amined newly hatched septin mutant larvae expressing the
synaptic vesicle markers synaptogyrin and synaptobrevin
fused to GFP (SNG-1::GFP and SNB-1::GFP, respectively)
(Nonet, 1999). We observed no obvious differences in lo-
calization of SNG-1::GFP in any of the septin mutants
compared to a wild-type strain (F.P.F. and J.G.W., data not
shown). In each mutant, puncta representing individual syn-
apses could be clearly distinguished in the mutant larvae,
with no observable differences in the size of the puncta in
the different strains. SNB-1::GFP also localized to synapses
as individual puncta in the septin mutants. However, the
puncta often appeared brighter in the unc-61(e228) mutants
than in either the wild type or the unc-59(e261) mutant
larvae. We frequently observed SNB-1::GFP puncta in the
sublateral cords in unc-61(e228) mutant larvae, which were
rarely observed in the wild type strain and never observed in
unc-59(e261) mutants (data not shown).
The defects in neural function in newly hatched septin
mutant larvae and the expression pattern of the septins are
most consistent with a role for septins in neuronal develop-
ment. We used the punc-47GFP marker (McIntire et al.,
1997) to observe the morphology of the GABAergic DD
neurons in the ventral nerve cord of the septin mutants
before any postembryonic cell divisions would have oc-
curred (Fig. 4; Table 1). The DD neurons mediate contralat-
eral inhibition, essential for coordinated movement in both
the forward and backward directions (Chalfie et al., 1985).
In a few septin mutant larvae, we observed fewer (0–7.7%)
or supernumerary (0–4.5%) ventral cord motor neurons
expressing the reporter than in the nonmutant strain (Table
1). In many larvae of all of the septin mutant strains, we
found evidence of defective axon guidance and/or migration
(Table 1; Fig. 4). In both unc-59 and unc-61 mutants, we
observed misdirected (Fig. 4B) or mispositioned axons, and
occasional discontinuities in the ventral cord (Fig. 4E).
Some commissures were absent. Other commissural pro-
cesses did not branch in both the anterior and posterior
directions to form the normal characteristic “T” shape upon
reaching the dorsal cord (Fig. 4C). We also frequently
observed defasciculation of the ventral cord (Fig. 4G). Ec-
topic processes were also occasionally seen (Fig. 4H and I).
Rather than having the regular distribution of GFP that is
seen in the GABA neurons in the wild-type background, the
axons of the septin mutants often had the appearance of
“beads on a string” (Fig. 4F), suggesting the existence of
numerous varicosities along the length of the processes.
These varicosities could result from frequent pausing by the
migrating growth cone, an inability for the growth cone to
properly organize the extending axon or axonal transport
defects. All of the defects in GABAergic neuron morphol-
ogy occurred with sufficient frequency (depending on the
mutation, from 42-68% of the worms were affected; Table
1) to suggest that the locomotory behavior defects of the
septin mutant larvae are likely to result from defects in
multiple aspects of axonal guidance and migration.
Expression of UNC-59 and UNC-61 in distal tip cells
In the course of our studies of septin expression in the
nervous system, we observed strong expression of both the
UNC-59 and the UNC-61 septin—GFP chimeras in distal
tip cells, which function as leaders for extension of the
gonad arms during gonadogenesis (Kimble and White,
1981; Lehmann, 2001) and in maintenance of the germline
stem cells (Kimble and White, 1981). UNC-59::GFP ex-
pression was evident primarily during the fourth larval stage
and in young adults (Fig. 5A and B). UNC-61::GFP expres-
sion was more continuous throughout larval development
(Fig. 5C–F), as we could detect its expression at least as
early as the second larval stage. Both septin fusions to GFP
were excluded from the distal tip cell nuclei, and in late L4
larvae and young adults, both fusions appeared as fine
puncta in the distal tip cell processes (Fig. 5B and F).
Distal tip cell morphology is abnormal in the septin
mutants
We used a transcriptional fusion of the promoter for
unc-59 to the GFP coding sequence to observe distal tip cell
morphology in wild-type worms. Using the punc-59::GFP
reporter, we noticed that wild-type distal tip cells undergo a
striking morphological change in young adults. Migrating
distal tip cells have a cell body with short outer processes,
some of which appear to hug the germline stem cells which
are located immediately adjacent to the distal tip cells, while
other short processes extend into the germline (Fig. 6A and
B). The germline is syncytial, with germ cells arranged
around a central cytoplasmic core, termed the rachis (White,
1988). In young adults, the morphology of the distal tip cells
changes such that the cell body becomes crescent-shaped,
very long processes extend down the sides of the germline
cells, and shorter processes extend toward the rachis. The
longer side processes developed perpendicular branches that
appear to intercalate between the distal germ cells, and then
to branch again such that the germ cells appear almost
enclosed by the distal tip cell processes (Fig. 6A).
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Because of their length and branching patterns, we won-
dered if the distal tip cell processes would display defects in
the septin mutants similar to those observed in the DD
neuronal processes. Using the punc-59::GFP reporter, we
observed the morphology of the distal tip cells in the septin
mutant adults (Fig. 6C–F). We noticed that the processes
that extend down the sides of the germline were often
shorter and less symmetrical than those of the wild-type
Fig. 4. Newly hatched septin mutant larvae display defects in axonal guidance and migration. Panels show representative larvae expressing punc-47GFP.
Frequencies at which these defects occur for wild type and each mutant genotype are shown in Table 1. (A–C) Views of the dorsal cord and comissures. (A)
Wild type. The dorsal cord is indicated by dc. (B) Misoriented commissure (mc) in unc-59(e261) mutant. (C) Two misoriented commissures (mc), and failure
of a commissure to extend a process toward the posterior (no posterior process indicated by npp) in the dorsal cord in an unc59(e1005) mutant. (D) Confocal
projection of a wild type larva. The dorsal cord is indicated by dc, and the ventral cord is indicated by vc. (E) Discontinuities in the ventral cord in
unc-59(e261) mutant are indicated by bvc. (F) Punctate cords in unc-61(e228) mutant. (G) Defasciculation in ventral cord of an unc-61(e228) mutant indicated
by dvc. (H, I) Ectopic processes. (H) Process in unc-59(e1005) mutant running in the sublateral (sl), rather than dorsal cord. (I) Split commissure (sc) in
unc-61(n3169) mutant. (A–C) and (H, I) are single confocal sections. (D–G) Projections of confocal Z-series. (J) Connectivity of the DD motor neurons.
During the first larval stage, DD neurons receive their synaptic inputs (arrows) from DA and DB excitatory neurons (not shown), which have axons in the
dorsal cord. DD neurons are inhibitory and relay localized excitation on the dorsal side as inhibition to the corresponding region on the ventral side (triangles),
thereby ensuring that muscle activation occurs in antiphase between dorsal and ventral regions of body segments. The extremities of the DD processes in
the dorsal and ventral cords are terminated by gap junctions (presumed electrical synapses) to processes of adjacent DD neurons. Bar is 10 m.
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worms, and that there were fewer or no branches on these
processes. The processes often appeared thicker, and more
disorganized than in wild-type distal tip cells. We also
observed an increase in the number and length of processes
extending into the germline in the septin mutants. These
results indicated that loss of septin function affected distal
tip cell morphology. Similar morphological defects, includ-
ing short outer processes and fewer branches, were seen by
using septin mutant strains expressing lag-2::GFP (F.P.F.,
unpublished data); however, more details of the distal tip
cell morphology were apparent with the punc-59::GFP re-
porter.
Septin mutants are defective in multiple phases of distal
tip cell migration and guidance
A number of mutants that affect-axonal migration and
pathfinding also result in abnormal migrations of the distal
tip cells during gonadogenesis, when they function as lead-
ers for extension of the gonad arms (Hedgecock et al.,
1987). Distal tip cell migration occurs in three phases:
migration in either the anterior or posterior direction along
the ventral body wall muscles, a second phase where the
distal tip cells migrate from the ventral to the dorsal mus-
cles, and a third phase where the distal tip cells migrate back
toward the midbody along the dorsal muscles (Lehmann,
2001) (Fig. 7A). We inferred the path of the distal tip cells
during this migration by observing the morphology of the
gonad in young adults (Fig. 7; Table 2). Similar to the
defects we observed in axon guidance, we found that the
septin mutants were affected in all phases of distal tip cell
migration and pathfinding. Migration defects included rare
instances where a distal tip cell did not migrate or migrated
for only a short distance along the ventral muscles (0–1%,
Fig. 7B), and where the distal tip cells never migrated from
the ventral to the dorsal muscles (0–2%, Fig. 7C). More
frequently, migration defects affecting the third phase were
observed, where distal tip cells completed the first two
phases of the migration normally, but either stopped pre-
maturely (14–31%, Fig. 7C) or continued migrating after
reaching the dorsal midbody (4–14%, Fig. 7C). Defects
affecting pathfinding at all phases of the migration were also
seen (15–24%, Fig. 7B, E, and F); here, we did not assess
the total distance migrated. Pathfinding defects range from
brief deviation from the usual path at one stage of the
pathway, to pathways that were abnormal from start to
finish.
Discussion
Septin function in axon guidance and migration
The variable penetrance of the septin mutant phenotypes,
transience of septin expression observed in most neurons,
and the lack of expression in most neurons in the adult all
suggest that septins play a developmental rather than a
functional role in the C. elegans nervous system. Further-
more, our data suggest that septins play an important role in
axon guidance and migration during embryonic nervous
system development in C. elegans, in addition to their
previously described role in postembryonic neuroblast cell
divisions. Although many of the neuronal morphological
abnormalites are clearly failures in axon guidance, an alter-
native explanation for the defects in process extension is
that they might conceivably be caused by developmental
delays; rather than by direct effects on migration per se.
The defects observed in the morphology of DD motor
neurons reflect abnormalities in axon guidance and migra-
tion that are likely to have profound consequences on the
locomotory behavior of the affected larvae. DD motor neu-
rons (White et al., 1986) are crucial for coordinated move-
Table 1
Neuronal phenotypes of septin mutants
Phenotypesa Strains
Wild type unc-59(e261) unc-59(e1005) unc-61(e228) unc-61(n3169)
Process not extended in both anterior and posterior
directions in dorsal cord
0 3 (12.5%) 3 (11.5%) 4 (18.2%) 1 (3.8%)
Misoriented commissure(s)b 2 (5.5%) 3 (12.5%) 3 (11.5%) 2 (9.1%) 8 (30.8%)
Missing commissure 0 2 (8.3%) 1 (3.8%) 3 (11.5%) 3 (11.5%)
Missing neuron(s) and commissure(s) 0 1 (4.2%) 2 (7.7%) 0 1 (3.8%)
Discontinuous ventral cord 0 2 (8.3%) 1 (3.8%) 0 3 (11.5%)
Mispositioned commissuresc 0 1 (4.2%) 1 (3.8%) 0 0
Detasciculation in ventral cord 0 2 (8.3%) 4 (15.4%) 5 (22.7%) 6 (23.1%)
Punctate cords/processes 0 1 (4.2%) 4 (15.4%) 5 (22.7%) 0
Ectopic processes 0 1 (4.2%) 1 (3.8%) 0 4 (15.4%)
Supernumerary cells expressing punc47GFP 0 0 0 1 (4.5%) 1 (3.8%)
N worms with neuronal phenotypes/N worms 2/36 (5.5%) 10/24 (41.6%) 17/26 (42.3%) 15/22 (68.2%) 13/26 (50%)
a Individual worms may be listed in multiple categories.
b Commissure emerges from the ventral cord in the correct position, but migrates circumferentially leftwards, rather than to the right or visa-versa.
c Commissure extends from the ventral to the dorsal cord at an abnormal position.
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ment such as that required in the thrashing assays. They
have their cell bodies in the ventral cord, and extend pro-
cesses toward the other DD neurons with which they form
gap junctions, presumed sites of electrical synapses (see
Fig. 4K). In the first larval stage, DD neurons receive
synaptic input from other ventral cord neurons, the DA and
DB motor neurons, which have their axons in the dorsal
cord (White et al., 1986). At the ventral cord, the DD
neurons form inhibitory neuromuscular junctions with the
ventral body wall muscles to ensure that the muscles on
only one side of the worm contract at a time so that the
movement is coordinated. The discontinuities seen in the
ventral cord of septin mutants (Fig. 4E) indicate that adja-
cent DD motor neurons would not form gap junctions.
Defasciculation in the ventral cord (Fig. 4G) indicates that
the affected motor neurons might bypass forming the gap
junctions with their nearest neighbors, and instead form gap
junctions with more distant DD motor neurons. The ability
to form the gap junctions between adjacent DD motor neu-
rons would also be affected in neurons that fail to extend
processes in either the anterior or posterior directions in the
ventral cord (Fig. 4C). In addition, in cases where ectopic
Fig. 5. Expression of UNC-59::GFP and UNC-61::GFP in distal tip cells. (A, B) UNC-59::GFP expression in distal tip cells in the fourth larval stage (A) and in
young adults. In (B), UNC-59::GFP is seen as fine puncta in the distal tip cell processes. (C–F) UNC-61::GFP expression in distal tip cells during the second (C),
third (D), and fourth (E, F) larval stages. In (C), the second distal tip cell is out of the focal plane. In (F), UNC-61::GFP is also seen as fine puncta in the distal tip
cell processes. Other cells including ventral cord neurons in (C), and other somatic gonad components in (D) and (E) are also seen to express UNC-61::GFP. In these
panels, the distal tip cells are indicated by dtc. (A, B) and (E, F) are projections of confocal Z-series. (C, D) Single confocal sections. Bars are 10 m.
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processes are seen, such as in Fig. 4H, the DD process
would be receiving either no or inappropriate synaptic input
from the neurons in an entirely different process bundle
from the one in which it normally resides in the wild type.
All of these phenotypes would have serious consequences
for the ability of the larvae to properly coordinate inhibition
of muscle contraction on the ventral side. Furthermore, as
we have only observed a subset of the ventral cord motor
neurons, other motor neurons required for normal thrashing
behavior may be affected in the septin mutants. Using a
dye-filling assay (Hedgecock et al., 1985), we have also
observed axon guidance defects as well as cell migration
defects in amphid sensory neurons in the septin mutants
(F.P.F., unpublished data), suggesting that septins are likely
to be generally required for migratory processes in C. el-
egans neurons.
The axonal morphology defects seen in the septin mu-
tants affect several aspects of axonal migration and guid-
ance, putting the septin mutants in the same class as mutants
affecting the cytoskeleton, such as spectrin (Hammarlund et
al., 2000; Moorthy et al., 2000), UNC-115 (Lundquist et al.,
1998), integrins (Baum and Garriga, 1997; Poinat et al.,
2002), and Rho-family GTPases and their accessory pro-
teins (Lundquist et al., 2001; Steven et al., 1998; Zipkin et
al., 1997). In contrast, mutations affecting components of
the netrin signaling pathway affect only the circumferential
migrations (Merz and Culotti, 2000; Wadsworth, 2002). For
example, we observed defects in the extension of processes
in the anterior and posterior directions in the dorsal and
ventral cords, as well as misdirected circumferential axonal
migrations. Other phenotypes, such as the punctate pro-
cesses (Fig. 4F), have not been described previously, and
the defasciculation and discontinuities in the ventral cord
seen in the septin mutants are also defects rarely described
for C. elegans. The range of guidance defects observed
suggests that the septins facilitate most or all aspects of
axon guidance, rather than being required only for particular
guidance pathways. Consistent with a role for the septins in
growth cone extension, overexpression of a GTPase defi-
cient septin was recently reported to cause aberrant neurite
sprouting in differentiating PC12 cells (Vega and Hsu,
2003).
Septin functions in the distal tip cells
Many genes required for axonal guidance and migration
are also required for migration and guidance of the distal tip
cells (Hedgecock et al., 1987). The two C. elegans septins
are highly expressed in migrating distal tip cells, suggesting
that they function in gonadogenesis. Consistent with this
hypothesis, we found that the mutants displayed a variety of
defects in morphology of the adult gonad, indicating that
septin function is important for all phases of distal tip cell
migration and guidance. Although we interpret defects af-
fecting the morphology of the adult gonad that do not
appear to affect the ability to migrate as pathfinding defects,
since we only observed the adult gonad, it is possible that
pathfinding is initially normal, but that failures in adhesion
or in maintenance of cell positioning result in subsequent
gonad displacement. The types of defects seen, as well as
the effects on all phases of distal tip cell migration, are
reminiscent of those seen in neuronal process guidance in
the septin mutants, suggesting that the C. elegans septins are
likely to play a general role in migration and guidance.
Fig. 6. Morphology of wild-type and septin mutant distal tip cells revealed by punc-59::GFP expression. All panels show projections of confocal Z-series. (A)
Wild-type mid-L4 distal tip cell. (B) Wild-type late L4 distal tip cell. (C) Wild-type adult distal tip cell. Note the long processes that run along the outside of the
germline, with branches emanating from them. There are also short processes that protrude into the center of the germline. In (D), unc-59(e261), and (E),
unc-59(e1005), the processes that would normally run along the outside of the germline appear to be collapsed into the central processes. The central processes are
longer and thicker than in wild type. In (F), unc-61(e228), and (G), unc-61(n3169), the central processes are longer and more numerous than in wild type, with a
generally disorganized appearance and no branches along the short outer processes. These phenotypes were seen in all septin mutants. Bar is 10 m.
Fig. 7. Migration and pathfinding and defects in distal tip cell migration. Figures depict examples of distal tip cell migration pathways as inferred from gonad
morphology. (A) Wild-type with both gonad arms displaying normal morphology, indicative of normal distal tip cell migrations. (B) unc-59(e1005) mutant:
Anterior gonad arm shows defective phase 1 migration, posterior gonad arm shows defective phase 3 guidance. (C) unc-61(n3169) mutant: Anterior normal;
posterior shows defective phase 2 migration. (D) unc-59(e261); unc-61(e228). Anterior shows long phase 3 migration; posterior shows short phase 3
migration. (E) unc-61(e228): both gonad arms display anterior and posterior phase 1 guidance defects. (F) unc-59(e261): both gonad arms display defective
phase 2 distal tip cell guidance.
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We also found that the distal tip cell processes were
abnormal in the septin mutants. The processes appeared
generally disorganized and often were blobby compared
with those of wild-type animals (Fig. 6). Often the processes
that are found along the outside of the germ line were
shorter or absent, and when present, they did not have the
organized pattern of branches enclosing the germ cells that
was seen in wild-type distal tip cells. The function and
significance of the organization of the distal tip cell pro-
cesses is unclear. As the distal tip cell processes are elabo-
rated in young adults, while the gonad organizes as a syn-
cytium with a central cytoplasmic core during the larval
stages, it is unlikely that the processes facilitate gonad
organization. Consistent with this notion, the gonadal orga-
nization defects previously observed in the septin mutants
(Nguyen et al., 2000) are much less penetrant than the
abnormal distal tip cell morphology. The defects seen in
distal tip cell process morphology are also reminiscent of
those seen in the DD axons, suggesting that extension of
these processes may be mechanistically similar to growth
cone extension.
Septins as integrators of the cell cortex in morphogenetic
processes
Although the two C. elegans septins appeared to be
expressed at similar levels in the cleavage furrows of early
embryos (Nguyen et al., 2000; and F.P.F., unpublished
data), the lack of UNC-59 enrichment in the developing
nervous system in later embryos relative to UNC-61 indi-
cates that the septins may form cell type-specific complexes
of different stoichiometries to perform different functions.
Consistent with this hypothesis, UNC-61::GFP expression
is observed in distal tip cells at least as early as the second
larval stage, whereas UNC-59::GFP is first detected in distal
tip cells during the fourth larval stage. The numerous mam-
malian septins are also expressed in distinct patterns, sug-
gesting that they also form cell type-specific complexes
(Beites et al., 1999; Hsu et al., 1998; Kinoshita et al., 2000;
Surka et al., 2002; Xie et al., 1999), and there are also
sporulation-specific septins in yeast (Field and Kellogg,
1999). Uniquely, C. elegans may be able to achieve diver-
sity in septin functions by combining the same two septins
in different proportions in different cell types or at different
developmental stages.
Septins are highly expressed in the developing nervous
systems of other animals during times of synaptogenesis
and process outgrowth (Longtine et al., 1996), suggesting
that roles in migration and guidance are likely to be con-
served septin functions, yet the molecular role of septins in
migration, guidance and in other processes such as cytoki-
nesis remains elusive. The implication of septins in many
different processes could indicate that different septins or
septin complexes have unique functions. At first sight, cy-
tokinesis, axonal migration and guidance, and cellular mi-
gration and guidance appear quite dissimilar. However, all
of these processes involve tightly coordinated interactions
between the cytoskeleton, cell membranes, and their regu-
lators (Dickson, 2002; Finger and White, 2002; Glotzer,
2001; Lee and Van Vactor, 2003; Nabi, 1999). An attractive
possibility is that septins, which appear to have the ability to
interact with membranes (Trimble, 1999), as well as with
the actin (Kinoshita et al., 1997, 2002; Xie et al., 1999) and
microtubule cytoskeletons (Kusch et al., 2002; Surka et al.,
2002; Vega and Hsu, 2003), could facilitate or regulate
these complex interactions in localized regions of the cell
cortex, such as cytokinetic furrows, neuronal growth cones,
and the leading edge of migrating cells, perhaps through
signaling via the GTPase. Only a few direct septin interac-
tors have been identified in animals thus far, further under-
standing of how septins participate in diverse cellular and
developmental processes awaits their identification.
Table 2
Distal tip cell migration and guidance defects in septin mutantsa,b
Genotype Short
phase 1
Short
phase 2
Short
phase 3
Long
phase 3c
Guidance
phase 1d
Guidance
phase 2e
Guidance
phase 3
Total %
DTC defects
Wild type 0 0 0 0 0 0 1 1
unc-59(e261) 1 0 31 4 6 4 8 54
unc-59(e1005) 1 2 28 3 4 1 10 49
unc-61(e228) 1 2 14 7 9 5 9 47
unc-61(n3169) 1 2 15 11 3 5 16 53
unc-59(e261); unc-61(e228) 0 0 23 14 10 3 5 55
a A total of 50 worms of each genotype were scored (N  100 distal tip cells).
b Phase 1 refers to the migration along the ventral muscles in either the anterior or posterior direction; Phase 2 refers to the migrations from the ventral
to the dorsal side; and Phase 3 refers to the migration along the dorsal muscles toward the midbody (see Fig. 7A). Each gonad arm was categorized according
to the earliest phase affected by migration or guidance defects.
c This category includes distal tip cells that migrate along the normal path, but that do not stop at the dorsal midline, regardless of the path taken thereafter.
d This category includes worms where the first distal tip cell pathfinding defect occurs during phase one, regardless of the path taken after the initial
guidance error.
e This category includes worms where the first distal tip cell pathfinding defect occurs during phase two, regardless of the path taken after the initial
guidance error.
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